Cooperative coupling between optical emitters and light fields is one of the outstanding goals in quantum technology. It is both fundamentally interesting for the extraordinary radiation properties of the participating emitters and has many potential applications in photonics. While this goal has been achieved using high-finesse optical cavities, cavity-free approaches that are broadband and easy to build have attracted much attention recently. Here we demonstrate cooperative coupling of ultracold atoms with surface plasmons propagating on a plane gold surface. While the atoms are moving towards the surface they are excited by an external laser pulse. Excited surface plasmons are detected via leakage radiation into the substrate of the gold layer. A maximum Purcell factor of ηP = 4.9 is reached at an optimum distance of z = 250 nm from the surface. The coupling leads to the observation of a Fano-like resonance in the spectrum.
It is a long-sought goal of photonics to gain ultimate control over light-matter interactions on the single photon level [1] . This goal is mainly motivated by the prospect of many possible applications, e.g. generation of single photons on-demand [2] [3] [4] , control of the emission rate of quantum emitters [5] , nonlinearities on the single photon level [6] [7] [8] and the construction of single photon switches [9] and transistors [10, 11] . All of these applications require high cooperativity, a regime of cavity quantum electrodynamics (cqed) in which an optical emitter radiates with high probability into a distinct light mode [12] . This regime is characterized by the condition that the cooperativity parameter
with coupling constant g, natural line width of the emitter γ and decay rate of the light field amplitude κ. Please note that this regime is contained in the strong coupling regime of cqed. The coupling constant g is proportional to the dipole moment d of the emitter and to the electric field E 1 connected to a single photon. High cooperativity can thus be reached by combining highly polarizable emitters with systems of large field enhancement. The latter condition can be reached e.g. in high-Q nanocavities with small mode volume [13, 14] . An even stronger concentration of optical fields is possible with surface plasmons (SP) [15] [16] [17] . While direct energy transfer from molecules to surface plasmons has been observed in early experiments [18, 19] , the interaction of single photon emitters and surface plasmons has attracted renewed interest in the last years [20, 21] . In this context modified emission rates were measured [22] [23] [24] , single plasmons were excited [25, 26] , and strong coupling between excitons and surface plasmons was demonstrated [27] [28] [29] [30] [31] [32] [33] [34] .
While in the above mentioned work artificial atoms (i.e. molecules, nanocrystals and quantum dots) are deposited as quantum emitters on the surface, proposals for trapping real ultracold atoms close to plasmonic structures have attracted much attention recently [35] [36] [37] . These proposals are based on the concept of dipole traps which are generated above plasmonic nanostructures, similar to the optical trapping of nanoobjects in plasmonically patterned light fields [38] . Real atoms have the advantage of being identical quantum emitters and having very narrow optical transitions with typical widths in the MHz range. Using quantum optics techniques clouds of atoms can be cooled to quantum degeneracy at temperatures on the order of nanokelvin [39] . They can be trapped with ultrahigh precision in magnetic micotraps [40] and in optical dipole traps [41] where they suffer very low intrinsic decoherence [42] . Plasmonic traps might even further improve the control over the motion of atoms in the subwavelength regime, with dramatic consequences for interatomic scattering properties within one trap and atomic tunneling rates between neighboring traps [37] . These traps could even be used for engineering strong p-wave interactions and the realization of exotic quantum many-body states with topological properties [43] . Moreover, atoms which are positioned very close to plasmonic structures couple with high efficiency to surface plasmon modes which could be used for single photon applications and for enabling long-range interactions between atoms [35, 37] . Please note that strong coupling is also pursued by combining cold atoms with nanophotonic waveguides [44] [45] [46] .
Despite the mentioned theoretical proposals only little experimental work has so far combined cold atoms with surface plasmons. In early work atoms have been reflected from evanescent light fields which were enhanced by surface plasmons on planar surfaces [47] [48] [49] . Recently, we could show experimentally that potential landscapes for ultracold atoms can be tailored by plasmonic microstructures with the prospect of coupling single atoms to plasmonic devices [50] . In this Article, we demonstrate direct and cooperative coupling of the fluorescence of cold atoms to surface plasmons propagating on a plane gold surface. The experiment is carried out with the experimental setup decribed in detail in [50] . An ultracold 87 Rb atom cloud consisting of N at ∼ 10 6 atoms with a temperature of T ∼ 1 µK is trapped in a magnetic trap inside a UHV chamber. The density of the cloud is given by
with measured cloud width σ r ≈ σ z = 76 µm. The maximum density in the center of the cloud is n max at = 1.4 × 10 17 m −3 . By applying external magnetic fields the trapping position z 0 is moved towards a glass prism on which a sapphire substrate is attached (Fig. 1) . Depending on the distance of the magnetic trapping minimum from the surface attractive Casimir-Polder forces give rise to a potential barrier over which the atoms can move and are then accelerated towards the surface. Details on Casimir-Polder forces are contained in the Supplementary Method Section. The sapphire substrate carries square fields of gold layers with ∼ 50 nm thickness and ∼ 100 µm side length. After the trapping minimum has been positioned in a variable distance from one of the gold fields the (moving) atoms are illuminated from the side with a 200 µs long laser pulse. The laser intensity is adjusted to the saturation intensity I sat = 1.6 mW/cm 2 corresponding to the D2-line of 87 Rb. The incoming light field excites electric dipole oscillations in the atoms which are partially coupled to surface plasmons within the gold layer. The plasmon excitations decay into freely propagating photons [51] . An avalanche photo diode (APD) with single photon detection efficiency measures the number of photons which is emitted under an adjustable angle θ into an aperture-limited opening angle of ∆φ = ∆θ = 0.6
• . Due to Gaussian optics, this corresponds to a detectable spot size on the gold layer with radius R det = 32 µm. Above this spot, the atomic line density along the z−axis is given by n max at · πR 2 det = 46/100 nm. The detection scheme is sensitive to the polarization of the emitted light. This is crucial for discerning surface plasmon excitations from stray light [52] . for a vertical dipole (red line) and a parallel dipole (blue line). The right axis corresponds to the black solid line and indicates the number of atoms in 100 nm thick slices. c Radiation coefficient for emission into an angle θ within the substrate. The solid (dashed) line corresponds to a vertical dipole at a distance of z = 250 (500) nm from a d = 50 nm thick gold layer on top of a sapphire substrate. The dielectric constants at the relevant wavelength of λ = 780 nm are 1 = −22.9 + i · 1.42 for gold and 2 = 3.0625 for sapphire. Obviously, the surface plasmons are coupled into far field radiation in the sapphire substrate with high directionality under the plasmon angle θ pl . The angle of total reflection θ th is that for an interface from sapphire to vacuum. Details on all the simulations are contained in the Supplementary Methods Section.
Direct coupling between dipolar emitters and surface plasmons has been theoretically described in the context of nonradiative energy transfer [53, 54] . The theories are based on a single electric dipole d(t) oscillating with frequency ω at a position r 0 . It generates a radiation field E 0 ( r, t). The energy decate rate of the dipole is proportional to the product of the dipole moment and the electric field at the position of the dipole [54] ,
When the emitter is placed nearby a surface, also the part of the radiation field which is reflected at the boundary will interact with the dipole. This results in a modified decay rate, see Fig. 2 a) . Moreover, also the emission pattern is changed. While in free space light can be emitted only radiatively, i.e. the wavenumber of the emitted light field is given by k 0 = ω/c, surfaces provide the possibility of nonradiative emission into bound surface waves. Their normal component of the wavevector is purely imaginary, whereas the parallel component has a value larger than that in free space, k sf > k 0 , i.e. bound surface waves propagate along the surface. Radiative γ rad and nonradiative γ nrd contributions to the total decay rate
can thus be separated by a Fourier expansion of γ with respect to the dimensionless parameter κ = k sf /k 0 and integration over the corresponding range κ ≤ 1 resp. κ > 1 [54] . Details on the different decay channels are contained in the Supplementary Methods Section. The theoretical results for a single 87 Rb atoms at a distance z from a gold surface are shown in Fig. 2 a. Here, nonradiative decay is mainly due to coupling to surface plasmon modes, with rate γ sp . These are collective electron oscillations in the metal surface connected with an electromagnetic wave propagating along the surface with wavenumber k sp . Decay into other bound modes like evanescent waves with rate γ ew dominates only for very short distances z 10 nm [53] . Due to the symmetry of the problem the excited surface plasmon mode is cylindrically symmetric. For large distances from the atom it is well described by Hankel functions [63] , whereas for short distances where this approach fails, we describe the plasmon mode by the near field of a dipole close to a perfect conductor using the image dipole method. Details on the plasmon mode and its parameters are contained in the Supplementary Methods Section. Please note, that atomic collective effects can occur in dense ensembles of emitters which further influence the emission properties. In our setup atomic collective effects cannot be observed due to the low atomic density with a mean interatomic distance of 1.9 µm. Details on possible atomic collective effects are contained in the Supplementary Methods Section.
The efficiency of the direct coupling to surface plasmons is defined via the Purcell factor [10, 56] 
Please note, that a large Purcell enhancement η P > 1 is equivalent to the regime of high cooperativity in cqed [57] . As shown in Fig. 2 b 87 Rb atoms in a distance range of 20 nm < z < 410 nm are coupled to plasmons in the gold surface with high cooperativity, if their atomic dipoles are oscillating vertically to the surface. In contrast, atoms with parallelly oscillating dipoles (with respect to the surface) do not reach the regime of high cooperativity. A pecularity of atoms as compared to molecules and quantum dots is the fact that the dipolar oscillation axis is not fixed by the orientation of the particle (the polarizability of an atom is radially symmetric), but it is parallel to the electric field of the exciting laser. Thus, the dipolar orientation can, in principle, be adjusted by the polarization of the incident laser pulse. In the present experiment the magnetic offset field of the trapping potential leads to a substantial Faraday rotation of the laser beam polarization while it propagates through the atom cloud. This reduces the number of vertically oscillating dipoles by 1/2 and the plasmon excitation becomes independent of the pump laser polarization. The theory [54] describes also the angular dependence of photons emitted into the substrate. The radiation coefficient for emission at an angle θ (see Fig. 1 b) is given by
with parallel (to surface) wavevector k x , free space wavevector k 0 = 2π/λ, and normal (to surface) wavevectors k zj in vacuum (j = 0) and sapphire (j = 2). The Fresnel field transmission coefficient T p 012 is calculated for the considered three layer system (vacuum / 50 nm gold layer / sapphire substrate) and incident parallel electric field oscillation. Details on the simulatoin are contained in the Supplementary Methods Section. The considered dipole is oscillating vertically at a distance z from the surface. The radiation coefficient is normalized to the free space decay rate γ 0 such that the decay rate into a solid angle ∆Ω of the substrate is given by
Once excited, the plasmons emit photons highly directionally into the substrate under the so-called plasmon angle θ pl , as illustrated in Fig. 2 c. Please note that due to the rotational symmetry of the plasmon mode photons are emitted on the surface of a cone, see Fig. 1 b.
FIG. 3:
Measured photon numbers. a Number of detected p-and s-polarized photons at an angle of θ − θ th = 0.9
• above the gold surface and above the plain sapphire substrate. The position z0 is the distance of the cloud center to the surface. b The photon number difference ∆N det = N p det − N s det at a distance of z0 = 41 µm has a maximum at the plasmon angle above gold. The solid line is a simulation of nonradiative coupling of the atomic emission to the surface plasmon mode. The only fit parameter in this simulation is a loss factor η add = 0.36 comprising the fibre coupling efficiency of the emitted light and additional losses at optical elements. Above the plain sapphire substrate no maximum is observed. The increase for small angles can be attributed to Fresnel transmission of light through surface roughness.
The number of detected photons N p,s det is plotted in Fig. 3 a versus the trap center distance z 0 from the surface. As the atoms in the trap are moved towards the surface the number of detected photons is increasing. This general behavior is observed for both polarizations (s and p) of the detected light and can be explained by the fact that more photons impinge on the surface when the atoms are closer. Negative values of z 0 correspond to trap centers which are inside the dielectric substrate for which the number of detected photons is decreasing. This decrease is caused by a loss of atoms from the trap as soon as they get into physical contact with the surface. The interesting feature in Fig. 3a is observed at distances 0 z 0 120 µm which are comparable to the radial extension of the cloud such that a sufficient number of atoms can be found at submicron distance from the surface. At such distances an excess of p-polarized photons N p det as compared to s-polarized photons N s det is observed above gold. We attribute this excess to the excitation of surface plasmons. Thus, the following analysis concentrates on the observed photon difference
In Fig. 3 b the measured angular dependence of ∆N det is shown comparing data which were obtained above the gold layer with data that were taken above the plain sapphire substrate. A maximum of ∆N det is observed at the plasmon angle θ pl above gold. This is caused by the directive emission of surface plasmons into the substrate as calculated theoretically in Fig. 2 c. We simulate this angular dependence by integration of Eq. 7
over the density of the atomic cloud n at with interaction time T WW . The latter is given by the average time it takes for an atom with initial velocity zero to be detuned out of resonance due to radiation pressure. For 87 Rb atoms illuminted with saturation intensity the interaction time is T WW = 84 µs [58] . The factor n rel (z) describes the reduction of atomic density due to the accelerating influence of surface potentials, as determined in the Supplementary Methods. We integrate numerically in the radial direction over the detectable spot size with radius R det and in the orthogonal direction from z = 0 to z = 2 µm. We have checked that larger values for the upper integration limit do not change the result. The factor η ges = η qe · η coh · η ort · η add = 0.015 (10) in Eq. 9 includes the quantum efficiency of the single photon counter η qe = 0.66, the coherent scattering rate factor η coh = γ coh /γ 0 = 0.125 at saturation intensity, the fraction of orthogonally oscillating dipoles η ort = 0.5 due to Faraday rotation of the exciting laser field, and a factor η add = 0.36 comprising any additional reduction of the overall detection efficiency, e.g. due to coupling of light into the optical multimode fibre and losses by optical elements. The obtained theoretical curve fits very well to the measured photon numbers in Fig. 3 b. Another signature that emphasizes the role of surface plasmons is the fact that above sapphire, where plasmons do not exist, no peak is observed in ∆N det . The additional increase of ∆N det above both substrates (gold and sapphire) at angles very close to the angle of total reflection θ th is attributed to the fact that part of the detected angle range dθ covers angles smaller than θ th . Thus, some of the light which is emitted by the atoms can be transmitted directly through the surface. This behavior is confirmed by a simulation including the angular emission pattern of the atoms and Fresnel transmission into the substrate. Details on this simulation are contained in the Supplementary Methods Section. The simulation for sapphire is plotted as dashed line in Fig. 3 b and explains the observation qualitatively. The quantitative deviation is attributed to surface roughness which is not taken into account in the simulations and which shifts the simulated curve to larger values of θ. • and cloud distance z0 = 41 µm. The data points are fitted by a model (solid line) including a constant offset N offset , a Lorentzian curve with amplitude Nscatt due to photons scattered by atoms far away from the surface and cooperatively coupled photons due to atoms very close to the surface that lead to a Fano profile. The dash-dotted line corresponds to the spectrum without the Fano contribution. For comparison, a reference spectrum (blue circles) was recorded simultaneously by saturation spectroscopy in a Rubidium vapor cell.
Even more information on the details of the coupling can be obtained from the spectrum. Strong coupling can e.g. be identified by a splitting of the spectrum. Although the present experiment is far from the strong coupling regime, a dip in the measured spectrum is observed, see Fig 4 . This dip can be attributed to a Fano resonance in the excitation of surface plasmons [59] as observed in a number of experiments in nanophotonics, see [60] and references therein. A Fano resonance is based on the coupling of a discrete state |χ via another discrete state |φ to a continuum of states |k and the interference of this decay channel to the direct decay of |χ into |k [58] . The line profile of a Fano resonance is given by
with decay rate γ of state |φ and detuning ∆. The Fano parameter q F is determined by the ratio of the resonant scattering amplitude (via the intermediate level) to the nonresonant scattering amplitude (direct channel). In our experiment the incident state is |χ = |N L |g |0 kSP , with N photons in the pump laser field, the atom in the ground state |g and zero photons in the surface plasmon mode with wavevector k SP . In the intermediate state, the atom has absorbed one photon from the pump laser field and has been excited into state |e , i.e. |φ = |N − 1 L |e |0 k SP , and the final state |f is the one where the photon has passed to the surface plasmon mode, i.e. |f = |N − 1 L |g |1 k SP . The final state can be reached whether (1) via the fluorescence of an atom (cooperative coupling) or (2) by direct excitation of the surface plasmon by the pump laser field. The latter process can occur due to surface roughness and is observed in Fig. 3 a) , where an excess of p-polarized photons ∆N direct ≈ 1 is measured even when the atom cloud is still far away from the surface, resp. when it is lost due to surface interactions. This background excitation has to be compared with the situation when the atoms interact with the surface and excite surface plasmons by cooperative coupling, with ∆N max ≈ 3. The Fano parameter can thus be estimated by
in which the square root is due to the fact that the observed photon numbers are given by the square of the scattering amplitudes. The spectrum in Fig. 4 shows the number of detected photons while tuning the laser frequency across the Rubidium resonance. The measured signal is composed of (i) stray light (a constant offset), (ii) light scattered from atoms far away from the surface (a Lorentzian line shape) and (iii) excitation of surface plasmons (a Fano resonance). The measured data are thus fitted by the sum of the three contributions
The best fit is obtained for amplitudes A offset = 14.5, A scatt = 6.8, A F = 1.0, shifts of the resonance curves relative to a simultaneously recorded saturation spectrum of δ scatt = 2π × 1 MHz and δ F = 2π × 10 MHz and a broadening of the Lorentzian curve which is incorporated in γ scatt = 2π × 16.5 MHz. Broadening and shifts can be explained by Zeeman-shifts of the transition frequencies due to magnetic trapping fields in the vacuum chamber on the order of ten Gauss. The width of the Fano resonance was held fixed at a value of γ = γ 0 = 2π × 6 MHz. The Fano resonance itself is not broadened, because contributing atoms stem from a very thin layer above the surface.
Concluding, we have observed cooperative coupling between ultracold atoms and surface plasmons. Clouds of cold atoms are positioned in a magnetic trap at the surface of a sapphire substrate which is coated with a thin gold layer. From there the atoms move over a potential barrier towards the surface. They are illuminated and excited with a laser pulse and, depending on the distance of the atoms from the surface, the atomic excitation decays with high probability into surface plasmons that propagate along the metal surface. The plasmons are detected via photons that are emitted into the substrate. If the cloud is close enough to the surface more p-polarized than s-polarized photons are detected which is a signature of surface plasmons. The number of detected photons and the observed angular dependence of the emitted light fit quantitatively very well to the theoretical prediction with a maximum Purcell enhancement at a distance of z min = 250 nm of η P = 4.9. The recorded spectrum is asymmetric and can be explained by a Fano-like interference of surface plasmons excited via cooperative coupling and direct excitation of surface plasmons via surface roughness. Presently, the experiment is still far away from the strong coupling regime in which single atoms can perform full vacuum Rabi oscillations with plasmonic excitations. However, enhanced coupling may be reached by replacing the plane gold surface by a plasmonic nanostructure which acts as a cavity for surface plasmons. For a (λ × λ) −metal square field (λ = 780 nm) with cavity mode volume of V mode ∼ λ 3 the coupling constant is g = 3πγ 0 c 3 /ω 2 0 V mode ∼ 2π × 10 GHz .
A further enhancement of the coupling constant may by achieved by collective atomic effects, in which many atoms couple simultaneously to the same plasmon mode. While the atomic density in the present experiment is on the order of n max at ∼ 10 17 m −3 , typical densities in Bose-Einstein condensates on the order of n max at ∼ 10 20 m −3 are achievable. These results and perspectives demonstrate that hybrid systems consisting of cold atoms and surface plasmons have the potential for photonic devices on the single photon level with coupling constants hitherto unreached in cold atom experiments. Moreover, cooperative coupling of individual atoms with surface plasmons may lead to long-range interactions between different atoms for slightly increased atomic densities. The emission properties can then be more complex than for a single atom with quantum correlations arising between the atoms [61] . 
